INTRODUCTION {#sec1-1}
============

The steady increase in tuberculosis (TB) and drug resistance TB (DR-TB), is one of the most common causes of morbidity and mortality in developing countries.\[[@ref1]\] In India, the trend in DR is increasing and its magnitude is also found to be very high among retreatment patients.\[[@ref2][@ref3][@ref4]\] Mechanism of DR in bacteria characteristically involves drug inactivation or modification, target alteration or decrease in drug accumulation.\[[@ref5][@ref6][@ref7]\] In *Mycobacterium tuberculosis* (Mtb) sequential accumulation of spontaneous mutations in target genes has been considered as the single cause of DR.\[[@ref8]\] However, such mutations are not found in low-level drug resistant isolates.\[[@ref9]\] The decrease in drug accumulation by efflux pump is another probable mechanism which may be responsible for the existence of low-level DR in nonmutated isolates.\[[@ref10][@ref11]\] The main function of efflux pump is to extrude out antimicrobial substances. Efflux pump allows a better tolerance of drugs and thus may potentiate a higher level of DR when it co-exists with mutations.\[[@ref12]\]

Isoniazid (INH) and rifampicin are the two most effective drugs being used in TB therapy. Activation of prodrug "INH" requires the enzyme catalase-peroxidase (katG) and the latter targets the NADH-dependent enoyl carrier protein reductase (InhA).\[[@ref13][@ref14]\] Mutations in the most common genes, namely *katG* (primary) and *inhA* (secondary) are responsible for INH resistance. Studies have shown that approximately 75% of the INH DR is due to mutations in these two genes, while 20%--30% of clinical isolates do not have a mutation in any of the gene associated with INH resistance.\[[@ref15][@ref16][@ref17]\] The genome analysis of mycobacteria showed the existence of efflux pumps in various species of *Mycobacterium*, and also showed the association with low level of INH resistance due to increased efflux activity, in contrast to the high-level resistance caused by mutations in genes encoding for the primary targets of INH.\[[@ref18]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

Five efflux pump inhibitors: Verapamil (VER), Carbonyl cyanide m-chlorophenylhydrazone (CCCP), Chloropromazine (CPZ), Reserpine (RES) and 2,4-Dinitro phenol (DNP), and INH drug were purchased from Sigma-Aldrich (St. Louis, MO, USA). VER and INH were dissolved in distilled water and CCCP, CPZ, DNP, and RES were dissolved in dimethyl sulfoxide. Middlebrook 7H9 broth and oleic albumin dextrose catalase were purchased from Becton Dickinson (BD Biosciences, USA). Microtiter 96-well plates were purchased from (Nunc, Denmark). The bacterial suspension was prepared in 7H9-S broth of No. 1 McFarland standard. A stock solution of 0.02% resazurin was prepared in distilled water, filtered through a syringe with a membrane sterilized filter of pore size 0.22 μm and kept at 4°C.

*Mycobacterium tuberculosis* isolates {#sec2-2}
-------------------------------------

Seventy (50 INH resistant, 20 INH-susceptible) clinical isolates were included in the study after drug susceptibility test for the first-line anti-tubercular drug: streptomycin (S), INH, rifampicin (R), and ethambutol (E).\[[@ref19]\] These isolates were obtained from sputum samples of previously treated pulmonary TB cases referred to the TB laboratory, Department of Microbiology, King George\'s Medical University, Lucknow. The level of INH resistance was confirmed by absolute concentration method.\[[@ref20]\] A rapid DNA extraction procedure was performed for Mtb isolates. Amplification of *katG* and *inhA* genes was done in a thermal cycler and the products, so obtained were used for DNA sequencing.

Sequencing of *katG* and *inhA* gene {#sec2-3}
------------------------------------

Polymerase chain reaction (PCR) products of *katG* and *inhA* genes were purified using exonuclease I and shrimp alkaline phosphatase. The purified PCR products were sequenced by using forward and reverse primers on an ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, USA) using Big Dye Terminator chemistry (version 3.1). Nucleotide and amino acid sequences of the amplified products were analyzed by using BLAST with a reference strain of Mtb (H37Rv).

Analysis of sequencing data {#sec2-4}
---------------------------

The sequencing data so obtained were analyzed by sequencing analysis software v5.2 (Applied Biosystems, CA, 94404, USA) and freely available web-based software National Centre for Biotechnology Information (NCBI) BLAST (accessible at: <http://www.blast.ncbi.nlm.nih.gov>). The sequencing data of mutations have been deposited in the NCBI under GenBank accession number KC844268 to KC844289, KC800647 to KC800661, and KF704009 to KF704041 for *katG* gene, KJ652027 to KJ652085 and KJ545536 for *inhA* gene.

After sequencing analysis, we randomly selected six INH-resistant isolates with no mutation in *katG* and *inhA* genes, six INH-resistant isolates (five isolates with mutation in *katG* gene and only one isolate with mutation in both *katG* and *inhA*) and six INH-susceptible isolates.

All 18 isolates were subjected to INH-MIC on a 96-well plate. INH-MICs were determined in the presence of each efflux pump inhibitor using resazurin microtier assay (REMA) in all the isolates. Broth microdilution was based on the NCCLS guideline.\[[@ref21][@ref22]\] The lowest concentration of each efflux pump inhibitors to which could sustain the growth of Mtb H~37~ Rv strain was optimized and selected for the final experiment.

Determination of isoniazid minimum inhibitory concentration in presence and absence of efflux pump inhibitors by resazurin microtitre assay plate method {#sec2-5}
--------------------------------------------------------------------------------------------------------------------------------------------------------

The protocol described by Martin and Palomino was used to determine the MIC of INH in the presence and absence of efflux pump inhibitors for each isolate.\[[@ref23]\] A 96-well flat bottom plate was used for the experiment. Hundred μl 7H9-S broth was suspended in each of the test well, and 200 μl distilled water was added in the blank wells to prevent the evaporation during incubation \[[Figure 1](#F1){ref-type="fig"}\].

![Minimum inhibitory concentration of INH in the presence and absence of efflux pump inhibitors by resazurin microtitre assay. B: Blank, INH: Isoniazid, MIC: Minimal inhibitory concentration, MC: Medium control, GC: Growth control, IC: Inhibitory control, VER: Verapamil, CCCP: Carbonyl cyanide m-chlorophenyl hydrazone, CPZ: Chloropromazine, DNP: 2,4 di-nitro phenol, RES: Reserpine\
\*Drug concentration of INH in each well is mentioned in the figure\
Column 1 A-H = Blank (B); Column 2 = 7H9 broth + INH + Inoculum; Column 4 = 7H9 broth + INH + Inoculum + V (4μg/ml); Column 5 = 7H9 broth + INH + Inoculum + CCCP (1.5μg/ml); Column 6 = 7H9 broth + INH + Inoculum + CPZ (3.75μg/ml); Column 7 = 7H9 broth + INH + Inoculum + DNP (25μg/ml); Column 8 = 7H9 broth + INH + Inoculum + R (20μg/ml); Column 10 A-B (IC1) = 7H9 broth + Inoculum + V (4μg/ml); C-D (IC2) = 7H9 broth + Inoculum + CCCP (1.5μg/ml); E-F (IC3) = 7H9 broth + Inoculum + CPZ (3.75μg/ml); G-H (IC4) =7H9 broth + Inoculum + DNP (25μg/ml); Column 11 A-B (IC5) =7H9 broth + Inoculum + R (20μg/ml); C-D (GC) =7H9 broth + Inoculum; E-F (MC) =7H9 broth](LI-34-499-g001){#F1}

For each isolate 100 μl INH (64 μg/ml) was added in the wells of the first row and 2-fold serial dilution was obtained vertically. Hundred μl of diluted (1:100) bacterial suspensions were added to each well except in the control and blank wells. The optimized concentration of V (4 μg/ml), CCCP (1.5 μg/ml), CPZ (3.75 μg/ml), DNP (25 μg/ml) and R (20 μg/ml) was added in their respective wells \[[Figure 1](#F1){ref-type="fig"}\]. The plate was sealed and incubated at 37°C for 7 days. After incubation, 30 μl of freshly prepared resazurin solution was added to each well, and the sealed plate was re-incubated overnight. MIC for INH in the presence and absence of efflux pump inhibitors were determined by observing the change in color (blue to pink). H37Rv strain was used as control (susceptible at 0.2 μg/ml levels of INH). The INH resistance was defined as MIC \>0.25 μg/ml and INH susceptibility as MIC of \<0.25 μg/ml. The efflux activity was determined by observing a reduction of 2-fold or more in MIC of INH. The REMA assay was repeated thrice and results were validated for each isolate.

RESULTS {#sec1-3}
=======

Selection of isolates {#sec2-6}
---------------------

Among seventy Mtb isolates, 18 isolates were categorized in three groups, Group A; INH-resistant without mutations in *katG* and *inhA* genes (six isolates), Group B; INH-resistant with mutation Ser315Thr, Ser315Asn in *katG* and Prol17Gln in *inhA* genes (six isolates), and Group C; INH-susceptible (six isolates). The details are shown in [Figure 2](#F2){ref-type="fig"}.

![Selection of *M. tuberculosis* isolates (Group A, B and C) to check the effect of efflux pump inhibitors](LI-34-499-g002){#F2}

Isoniazid minimum inhibitory concentration in the presence of efflux pump inhibitors in Group A (isoniazid-resistant isolates with no mutation in *katG* and *inhA* genes) {#sec2-7}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The MICs of INH and their fold change in INH-MIC in the presence of efflux pump inhibitors (VER, CCCP, CPZ, DNP, RES) among six isolates are shown in [Table 1](#T1){ref-type="table"}.

###### 

Effect of efflux pump inhibitors on isoniazid resistant isolates with no mutations in *katG* and *inhA* genes

![](LI-34-499-g003)

In Group A, out of six isolates, 2-fold decrease (1/6 isolates: VER; 1/6 isolates: CCCP; 3/6 isolate: CPZ; 2/6 isolates: DNP; 3/6 isolates: RES), 4-fold decrease (4/6 isolates: VER; 2/6 isolates: CCCP; 1/6 isolate: CPZ; 2/6 isolate: DNP; 2/6 isolate: RES), and 8-fold decrease (1/6 isolate: VER) in MICs of INH was observed in presence of efflux pump inhibitors \[[Table 2](#T2){ref-type="table"}\].

###### 

Fold change in isoniazid minimum inhibitory concentration of Mycobacterium tuberculosis isolates in presence of efflux inhibitor in Group A, B and C

![](LI-34-499-g004)

Isoniazid minimum inhibitory concentration in the presence of efflux pump inhibitors in Group B (isoniazid-resistant five isolates with mutation in *katG* gene and only one isolate with mutation in both, *katG* and *inhA* genes) {#sec2-8}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Among six isolates, five isolates showed decrease in INH MIC (2--16-fold) with all five efflux pump inhibitors (VER, CCCP, CPZ, DNP, RES) and in one isolate no inhibitor could decrease the MIC of INH.

There was a gradual decrease in the MICs of INH in the presence of efflux pump inhibitors (VER, CCCP, CPZ, DNP, RES) among six isolates and detail of mutation pattern are shown in [Table 3](#T3){ref-type="table"}.

###### 

Effect of efflux pump inhibitors on isoniazid esistant isolates with mutations in *katG* and *inhA* genes

![](LI-34-499-g005)

In Group B, out of six isolates 2-fold decrease (1/6 isolate: CCCP; 1/6 isolate: CPZ), 4-fold decrease (2/6 isolates: CCCP; 2/6 isolates: CPZ; 3/6 isolates: DNP; 1/6 isolates: RES), 8-fold decrease (4/6 isolates: VER; 1/6 isolates: CCCP; 2/6 isolates: CPZ; 1/6 isolates: DNP; 3/6 isolates: RES), and 16-fold decrease (1/6 isolate: VER; 1/6 isolate: CCCP; 1/6 isolate: DNP; 1/6 isolate: RES) in MIC of INH was observed in presence of efflux pump inhibitors \[[Table 2](#T2){ref-type="table"}\].

Isoniazid minimum inhibitory concentration in the presence of efflux pump inhibitors in Group C (isoniazid susceptible isolates) {#sec2-9}
--------------------------------------------------------------------------------------------------------------------------------

All the six isolates had MIC \<0.25 μg/ml. Among the six isolates, one isolate showed decrease in MIC level of INH in presence of all the five efflux pump inhibitors (VER, CCCP, CPZ, DNP, RES), 3 isolates showed decrease in MIC of INH in presence of more than one inhibitor and two isolates did not show any change in MIC level of INH.

In Group C out of six isolates, 2-fold decrease (1/6 isolate: CCCP; 1/6 isolate: CPZ), 4-fold decrease (3/6 isolates: VER; 2/6 isolates: CCCP; 1/6 isolate: CPZ; 1/6 isolate: DNP; 1/6 isolate: RES) in MIC of INH was observed in presence of efflux pump inhibitors \[[Table 2](#T2){ref-type="table"}\].

The effect of five efflux pump inhibitors viz. VER, CCCP, CPZ, DNP, and RES on MIC of INH in 18 isolates was observed. All the five efflux pump inhibitors caused MIC reduction in nine isolates (50%), however in four isolates (22%) the reduction was achieved by more than one efflux pump inhibitor. VER caused MIC reduction in two isolate (11%), and no reduction in MIC of INH was observed in three isolates (16%) \[[Table 4](#T4){ref-type="table"}\].

###### 

Effect of more than one efflux pump inhibitors on resistance level of INH-MIC in *Mycobacterium tuberculosis*

![](LI-34-499-g006)

The MIC reduction was observed in 15 isolates (83%) by VER, 11 isolates (61%) by CCCP, 11 isolates (61%) by CPZ, ten isolates (55%) by DNP and 11 isolates (61%) by RES. It was observed that VER was the most effective efflux pump inhibitor for INH-resistant isolates \[[Table 4](#T4){ref-type="table"}\].

DISCUSSION {#sec1-4}
==========

The lengthy treatment required with current anti-tubercular drugs is a major challenge in TB management. The consequences of poor adherence to the drug are serious both for the individual patient and for the community leading to DR, treatment failure, and further TB transmission.\[[@ref24]\] During the first 2 days of treatment with INH, more than 99% of the initial sputum bacillary are killed, after which the rate of killing drops off noticeably. The residual bacteria become phenotypically resistant, while INH minimum inhibitory concentrations are unchanged.\[[@ref25]\]

Earlier studies reported that mutations in drug target genes and drug efflux pump are responsible for the DR in Mtb.\[[@ref11][@ref26][@ref27]\] Efflux pumps have multi drug extrusion ability, which confer clinically significant levels of DR.\[[@ref10]\] The aim of the present study was to determine the effect of different efflux pump inhibitors on the mechanism of INH DR in isolates of Mtb.

In the present study, we found that 16.66% isolates changed their MIC phenotypically from resistant to susceptible in the presence of VER. Similarly, Singh *et al*.\[[@ref28]\] also reported that 20% isolates phenotypically changed their MIC from resistant to susceptible. Earlier studies have shown a decrease in the minimum inhibitory concentrations of INH, rifampicin, streptomycin, ciprofloxacin, ofloxacin and linezolid in the presence of efflux pump inhibitors (CCCP and VER).\[[@ref29][@ref30]\] Although *in vivo* data are limited, a recent study found that VER restored the activity of INH, rifampicin, and pyrazinamide against MDR-TB in mice.\[[@ref26]\]

Of the 18 isolates, 83% isolates showed decrease in MIC of INH with VER, 61% isolates with CCCP, CPZ, and RES, while the lowest number of isolates (55%) showed decrease in MIC of INH with DNP. An Indian study reported that in 66% ofloxacin resistant isolates, the active efflux pump was blocked by efflux pump inhibitors resulting in decreased ofloxacin MIC levels in these isolates.\[[@ref28]\] Banerjee *et al*.\[[@ref31]\] reported that the CCCP, VER, DNP, RES and CPZ increases the accumulation of a drug due to inhibition of active efflux.

A 2--16-fold MIC reduction in INH-resistant isolates with *katG* mutations is in agreement with the results of other studies also.\[[@ref12][@ref32][@ref33]\] We found 2--8-fold decrease in INH MIC in resistant isolates with no mutation, While the decrease was 2--4-fold in susceptible isolates. These observations confirm the effect of efflux pump inhibitors on INH-resistant isolates (with and without mutations in *katG* and *inhA*) and INH-susceptible isolates.\[[@ref34]\] These observations also show that these efflux pump inhibitors are active against both drug susceptible and drug resistant isolates indicating that the effect of these compounds is not dependent on the mutational profile of the isolates.\[[@ref12]\]

A study found that the combination of VER and first line anti-TB drugs significantly reduced pulmonary bacilli burden in mice.\[[@ref26]\] Another study showed that MIC of INH and ethambutol decreased when efflux pump inhibitors such as CCCP and VER were used.\[[@ref35]\]

The role of efflux pumps in promoting drug tolerance opens up a potentially powerful approach for shortening the duration of TB treatment. The use of efflux pump inhibitors would target not only bacteria but also drug tolerance. In the laboratory, macrophage-induced tolerance is inhibited by VER, a calcium channel antagonist in clinical use for years, which has also been shown to inhibit multiple bacterial efflux pumps *in vitro*.\[[@ref36][@ref37][@ref38]\] VER also reduces intracellular mycobacterial growth in the absence of drugs.\[[@ref36][@ref39]\]

The clinical implications of efflux pump are quite serious. In areas where facilities for mycobacterial cultures are limited, the standard TB regimens prescribed to unrecognized DR-TB patients show minimum efficacy in such patients, thus limiting the treatment options. Efflux pump inhibitors not only help in overcoming drug tolerance but also reduce the emergence of genetically drug resistant Mtb.

CONCLUSION {#sec1-5}
==========

The present study was planned to observe the effect of efflux pump inhibitors verapamil (VER), carbonyl cyanide m-chlorophenyl hydrazone (CCCP), chloropromazine (CPZ), 2,4-dinitro phenol (DNP) and reserpine (RES) on susceptibility of Mtb to INH. We observed that VER is the most effective efflux pump inhibitor.
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